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Sugar transportReplacement of the glycine at position 117 by a cysteine in the melibiose permease creates an interesting
phenotype: while the mutant transporter shows still transport activity comparable to the wild type its pre
steady-state kinetic properties are drastically altered. The transient charge displacements after substrate
concentration jumps are strongly reduced and the ﬂuorescence changes disappear. Together with its
maintained transport activity this indicates that substrate translocation in G117C melibiose permease is not
impaired but that the initial conformation of the mutant transporter differs from that of the wild type
permease. A kinetic model for the G117C melibiose permease based on a rapid dynamic equilibrium of the
substrate free transporter is proposed. Implications of the kinetic model for the transport mechanism of the
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Melibiose permease (MelB) from Escherichia coli (E. coli) is a cation
substrate symport system, which transports the α-galactoside
melibiose and other α- or β-galactosides together with either H+,
Na+, or Li+ (for reviews see [1,2]). The binding of the cation enhances
the afﬁnity of the transporter for the sugar and vice versa [3–5]. As is
the case for all other symporters, the transport cycle of MelB includes
several intermediate reaction steps. A previously proposed 6-state
model [2,6] has been supplemented by an occluded state at the stage
of substrate translocation [7].
The co-transporter that consists of 473 amino acids, has 12
transmembrane spanning α-helices which are basically organized intwo 6-helix bundles as generally observed in transporters from the
Major Facilitator Superfamily [2,8–15]. Whether the two bundles
display asymmetry [11,14] or pseudo-symmetry [15] is still under
debate. Although a crystal structure of MelB is still lacking, the
substrate binding sites have been mapped in great detail. Earlier
studies led to the hypothesis that negatively charged Asp residues are
forming a coordination network for cation binding [1,16–21]. Recent
theoretical [15,22] as well as experimental [22,23] studies conﬁrm
Asp55 and Asp59 on helix II and possibly Asp124 or even Gly117 on
helix IV as part of the Na+ binding site. Overall, it seems that Na+
coordination ligands are essentially located in the N-terminal domain
of MelB. In contrast, sugar binding ligands seem to be distributed in
both, the N-terminal and C-terminal domains of MelB. In their 3D
threading model of MelB, Yousef and Guan [15] docked the sugar in
the central cavity that is lined by the central part of several helices
from both the N-terminal (helices I, II, IV, V) and C-terminal (helices
VII, VIII, X, XI) domains. Previous mutagenesis, spectroscopic and
electrical studies (see [7,22] and references therein) provided support
for a potential interaction between the sugar and side chains located
in the central portions of these helices. Finally, communication
between the cation and the sugar binding sites involves directly or
indirectly some of the residues of the helix IV–loop 4–5–helix V
domains [23,24].
Cysteine-scanning mutagenesis has been proven to be an
extremely useful approach for studying the structure–function
relationship of membrane proteins [25–27]. Functionally active
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constructed (c-less permease) [28], and was used as background for
cysteine-scanning mutagenesis. It was shown that the c-less mutant
of MelB has transport properties similar to those exhibited by thewild
type carrier [7,28,29]. Also from Fourier transform infrared (FTIR)
difference spectroscopy it was concluded that substrate-induced
difference spectra of c-less and wt are similar and yield comparable
information on fully active permeases [30]. Our own experiments
have shown that also the electrogenic activity of c-less MelB is very
similar to that of the wild-type [7].
Gly117 is an amino acid residue located in themiddle of helix IV, in
the vicinity of the cation binding site (Fig. 6) and close to the hinge
region of the two-domain tilting mechanism [15]. The proximity of
Gly117 to the binding site of the cation is suggested by the
observation that in the double mutant D55S/G117D, a carboxyl
group at position 117 can partially compensate for the loss of the
carboxyl group at position 55 [31]. This result indicated that in the 3-
dimensional structure of the protein position 117 in helix IV is close to
position 55 in helix II in agreement with the structural model [15].
Furthermore, helix IV seems to have a role in connecting the sugar and
cation binding sites [24]. Therefore, to get more information about the
possible role of helix IV in the function of MelB, we studied the
functional consequences of mutating Gly117 into a cysteine. Surpris-
ingly, steady-state transport is only weakly affected by the mutation
while the pre-steady-state properties show a signiﬁcant difference
which we attribute to a modiﬁed conformational equilibrium of
G117C MelB.2. Materials and methods
2.1. Chemicals
Labeling of 6-O-α-D-[3H]galactopyranosyl-D-glucose ([3H] meli-
biose) and synthesis of the 2′-(N-dansyl)-aminoethyl-1-thio-β-D-
galactopyranoside (Dns2-S-Gal) were carried out by Dr. B. Rousseau
and Y. Ambroise (Institut de Biologie et Technologies — Saclay, CEA —
Saclay, France). Activating and non-activating solutions contained
0.1 M KPi (pH 7) plus salt and melibiose at different concentrations.
Highest purity grade reagents (KH2PO4, Sigma, 0.005% Na+ and KOH
Merck, suprapur, 0.002% Na+) were used to prepare nominally Na+-
free media (contaminating Na+ levelb20 μM). All other materials
were obtained from commercial sources. E. coli lipid extract for the
reconstitution of proteins and diphytanoyl phosphatidylcholine (PC)
for the lipid ﬁlm forming solution were from Avanti Polar Lipids, Inc.
(Pelham, AL). N-ethylmaleimide (NEM, Sigma) was prepared 0.2 or
1 M in ethanol. Methanethiosulfonate (MTS) reagents and p-chlor-
omercuribenzenesulphonate (PCMBS) were from Toronto Research
Chemicals, Inc.2.2. Plasmid, site-directed mutagenesis, and DNA sequencing
A previously constructed recombinant pK95ΔAHB plasmid [27]
with a cassette containing the melB gene [32] encoding a permease
with a 6-Histag at its C-terminal end [33] and devoid of its four native
cysteines (c-lessMelB [28]) was used asmatrix for engineering G117C
permease. The G117 codon in the c-less nucleotide sequence was
replaced by a cysteine one using appropriate mutagenesis primers
(27–30 nucleotides, Sigma-Genosys Ltd, Havervill, UK) by polymerase
chain reaction. Plasmids were isolated using the QIAprep Spin
Miniprep Kit (Quiagen, Hilden, Germany). To verify that the
nucleotide sequences of c-less and G117C MelB differ only by the
introduced mutation, the full length sequence of the G117C melB
gene was carried out using 35S labeled dATP with the sequencing kit
(USB Corporation, Cleveland, OH).2.3. Bacterial strains and cell growth
E. coli DW2-R (ΔmelB, ΔlacZY) [34], was transformed with the
plasmid harboring the mutated MelB (c-less, or G117C, respectively).
Freshly transformed cells were grown at 30 °C in M9 medium
supplemented with glycerol (5 g/l), casamino acids (0.2%), thiamine
(0.5 mg/l), and amipicillin (100 μg/ml) until an OD600 of 1–1.2 was
reached. For large scale puriﬁcation of the permeases, cells were
grown in 100 l fermentors. The cells were washed and resuspended in
0.1 M KPi at pH 7 and kept frozen in liquid N2.
2.4. Preparation of membrane vesicles
Right-side-out (RSO) membrane vesicles were prepared by an
osmotic shock procedure [35], concentrated to 10–30 mg of protein/
ml in a Na+-free medium containing 0.1 M KPi (pH 7) and ﬁnally kept
frozen at −80 °C until used.
2.5. Sugar transport and binding assays in RSO membrane vesicles
Transport and binding experiments were carried out at 21 °C. For
transport experiments, thawed RSO membrane vesicles were pre-
pared at 2 mg of protein/ml in 0.1 M KPi (pH 7) containing NaCl at a
ﬁnal concentration of 10 mM and split into 50 μL samples. Thirty
seconds before the transport assay, reduced phenazine methosulfate
was added as an energy donor to fully energize the membranes and
the samples were continuously ﬂushed with oxygen [35]. Sugar
transport was started by adding [3H] melibiose (20 mCi/mmol) at a
ﬁnal concentration of 0.4 mM. The assay was stopped after the
indicated time points by diluting and immediate ﬁltration of the
samples using glass ﬁber ﬁlters. The radioactivity retained on the
ﬁlters was counted in a Packard scintillation counter.
[3H]αNPG binding to RSO membrane vesicles was assessed by a
ﬂow dialysis procedure as described [36]. RSO membrane vesicle
suspensions (10–20 mg/ml, 200 μl) placed in the upper chamber of
the ﬂow dialysis cell were initially equilibrated with [3H]αNPG
(0.8 Ci/mmol, 1 μM).Monensin and Valinomycin were added at a ﬁnal
concentration of 3 μM to achieve complete de-energization of the
vesicles. The amount of radioactivity diffusing across the dialysis
membrane into the constantly perfused lower chamber solution was
measured as a function of time to estimate the concentration of free
[3H]αNPG in the upper chamber and of its variation due to ligand
binding to the transporters. For the determination of the apparent
sugar binding constant (KD), the [3H]αNPG concentration in the
vesicle suspension was varied between 0.1 and 10 μM by stepwise
addition of unlabeled ligand. The maximal number of binding sites
(Bmax) and the apparent sugar binding constant (KD) were calculated
graphically from Scatchard plots of the data.
2.6. Puriﬁcation and preparation of the proteoliposomes
His-tagged c-less MelB or G117CMelB were puriﬁed from inverted
membrane vesicles (IMV) of E. coli DW2 cells transformed with the
appropriate pK95AHB plasmid as described previously [33]. IMV
vesicles were prepared by means of a French Press (American
Instruments Comp., 1200 psi). IMV vesicles were solubilized by
using 1% 3-(laurylamido)-N,N′-dimethylaminopropylamine oxide
(LAPAO) in the buffer containing NaCl at 0.6 M and imidazole
(15 mM) to minimize binding of untagged proteins. Puriﬁcation was
achieved by a 2-step chromatography procedure combining the
utilization of Ni-NTA and ion exchange (MonoQ) resins. The Ni-NTA
step includes extensive column wash out of untagged membrane
proteins, followed by replacement of LAPAO by dodecylmaltoside
(0.1%) and reduction of NaCl to 0.05 M. Finally, elution yielded ~95%
pure transport protein by raising themedium imidazole concentration
to 100 mM. The second chromatography led to an increase in protein
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staining and gel ﬁltration chromatography.
MelB reconstitution into liposomes (protein/lipid ratio 1/5 w/w)
was performed by removing the detergent with Bio-Beads SM-2 [36].
MelB content was assayed by a Lowry procedure including sodium
dodecyl sulfate using serum bovine albumin as standard [37].
2.7. Set-up and measuring procedure for SSM-based electrophysiology
The SSM (solid supported membrane) was prepared by linking an
octadecyl mercaptan monolayer to a gold electrode deposited on a
glass support and covering it with a lipid (diphytanoyl PC, synthetic)
monolayer. The SSM was mounted in a ﬂow-through cuvette and the
signal recorded between the gold electrode and a reference Ag/AgCl
electrode. After formation of the SSM, 40 μL of proteoliposomes
(~15 μg protein) was sonicated, injected into the cuvette, and
allowed to adsorb to the SSM for 30–50 min. A typical solution
exchange protocol consisted of three phases: 1) non-activating
solution containing glucose and KCl at different concentrations(1 s),
2) activating solution containing melibiose and NaCl at different
concentrations (1 s) and 3) non-activating solution as described at
1) (1 s). In the experiments with NEM and other SH reagents, DTT free
buffers were used. All experiments were carried out at room
temperature (21 °C). For details see [3,38].
The current generated by the transport activity of MelB in the
proteoliposomes is distorted by capacitive coupling via the network of
the compound membrane formed by the SSM and the adsorbed
liposomes [38]. Making use of the known electrical characteristics of
the compoundmembrane the original transporter current of MelB can
be reconstructed using an algorithm described previously [47].
Currents shown in the ﬁgures are reconstructed transporter currents.
2.8. Fluorescence assays
A LS 50 Perkin Elmer ﬂuorimeter was used to measure the Na+-
dependent ﬂuorescence resonance energy transfer (FRET) signals (λex
297±5 nm, λem 380–670 nm) from proteoliposomes (20 μg protein/
ml) incubated in the presence of the sugar ﬂuorescent analog Dns2-S-
Gal at a ﬁnal concentration of 10 μM [4]. Intrinsic tryptophan-
ﬂourescence (Trp-ﬂuorescence) (λex 297±5 nm, λem 310–380 nm)
from proteoliposomes (~20 μg protein/ml) was recorded on the same
ﬂuorimeter. All spectra are mean values of triplicate records. Purity of
the c-less or G117C reconstituted permeases was N99%. The assays
were performed at 21 °C.
2.9. Structural model for the G117C MelB variant
The model for G117C MelB is based on a homology model
published previously [15] using revised sugar and Na+ coordinates.
We used CHARMM [39] to introduce themutation G117C, followed by
an energy minimization using the CHARMM27-forceﬁeld for proteins
[40,41] and disaccharides [42,43]. The energy minimization was
carried out in a stepwise procedure, ﬁrst minimizing the melibiose for
1000 steps, followed by the binding site including the sugar and the
sodium ion for 1000 steps and last minimizing the whole system for
50 steps.
3. Results
G117C was constructed on the basis of the c-less mutant of MelB
[28]. The recombinant transporter was expressed in E. coli, puriﬁed
and reconstituted into liposomes as described in Material and
methods [33]. In the proteoliposomes, the transporter is inside-out
oriented [7]. Throughout this study, the c-less MelB permease
retaining wild-type properties [7,28,29] was used as control.3.1. Transport and binding properties of the G117C mutant
Preliminary indications that G117C MelB retains the capacity to
catalyze sugar transfer across the cell membrane can be obtained by
growing DW2 (DmelB) cells expressing the mutatedMelB transporter
on Mac Conkey indicator agar plates supplemented with melibiose
(10 mM). In a manner similar to cells expressing the fully active wt or
c-less permeases, the G117C cells give rise to red colonies, as a
consequence of sugar entry and subsequent hydrolysis by the cellular
α-galactosidase (melA) and associated local acidiﬁcation. A more
quantitative characterization of G117C MelB was carried out in RSO
membrane vesicles where active transport, as well as membraneMelB
permease content and sugar binding afﬁnity can be estimated on the
samemembrane preparation. From the time courses of [3H] melibiose
accumulation measured in fully energized c-less (closed circles) and
G117C (open squares) RSOmembrane vesicles (Fig. 1A), it is observed
that the mutated G117C permease catalyzes signiﬁcant melibiose
accumulation, albeit with lower efﬁciency that the control c-less
transporter. However, and as illustrated by curve G117C (corrected
curve), most of the transport difference between c-less and G117C
disappears by taking into account the 4-fold lower MelB permease
content (Bmax in Fig. 1B) of the G117C membrane vesicles relative to
that of the c-less.
3.2. Charge translocation by G117C MelB
The charge translocation of the protein elicited by concentration
jumps of co-substrates was assessed using SSM-based electrophysi-
ology. MelB proteoliposomes and SSM form a capacitively coupled
system that enables measurements of transient currents in response
to rapid concentration jumps of MelB substrates [3,38,44–46]. A rapid
solution exchange with a ~10 ms time resolution was used in the
present study to examine the transient electrical signals produced by
different concentration jumps on G117C-proteoliposomes adsorbed
onto a solid supported membrane. The analysis of the functional
properties of G117C MelB presented in the following is based on a
comparison with c-less transporter (Fig. 2), as the G117C mutant was
constructed on a c-less background.
A typical set of reconstructed transporter currents for G117C and
c-less MelB is presented in Fig. 2. Quantitative comparison of the
currents of G117C and c-less MelB is difﬁcult because the magnitude
of the currents depends on the amount of adsorbed proteoliposomes,
a quantity which typically varies from experiment to experiment by ~
±30%. Nevertheless Fig. 2 allows an approximate comparison of the
relative amplitudes of the transient and stationary current compo-
nents of the two mutants.
3.3. Transient currents after different concentration jumps on G117C
The magnitude of the peak currents obtained with G117C MelB
was considerably smaller than with c-less MelB. As an example
the peak current after a Δmel(Na) solution exchange protocol is
compared in Fig. 1B. This seems to disagree with the transport
measurements of Fig. 1A. However, the reconstruction of the currents
reveals a comparable magnitude of the stationary currents of the
c-less and mutant transporter (Fig. 2).
Transient currents generated by concentration jumps of melibiose
(Δmel) or sodium (ΔNa) alone, concentration jumps of one co-
substrate in the presence of the other one, (Δmel(Na) and ΔNa(mel)),
or simultaneous concentration jumps of both co-substrates (ΔNaΔ-
mel), are compared in Fig. 2. The signals recorded for the G117C
mutant have kinetic characteristics similar to those of the signals
obtained from wild-type or c-less MelB [3,7,48]: a fast rise is followed
by a bi-exponential decay in all the cases, except for a ΔNa signal,
which decays mono-exponentially. The fast phase of the transient
current was previously assigned to intraprotein charge transfers
Fig. 1. Sugar transport and charge translocation of c-less and G117CMelB. A) Active [3H]
melibiose transport was assayed on well aerated aliquots of RSO membrane vesicles
harboring c-less (closed circles) or G117C (open squares) permease. Membrane
vesicles (50 μl, 2 mg protein/ml) were incubated in 0.1 M KPi buffer (pH 7) containing
NaCl (10 mM) and energized by addition of reduced phenazine methosulfate (0.8 mM).
Transport was started by the addition of [3H] melibiose (20 mCi/mmol) at a ﬁnal
concentration of 0.4 mM and terminated by rapid dilution and immediate ﬁltration.
Lines are hyperbolic ﬁts to the data. Line G117C corrected (solid squares): data obtained
with G117C MelB (open squares) were normalized for the 4-fold variation of MelB
permease content between c-less and G117C membrane vesicles (see table Fig. 1B).
B) [3H]αNPG binding to the same batch of RSO membrane vesicles. [3H]αNPG binding
to c-less and G117C MelB was investigated by a ﬂow dialysis procedure in the presence
of different concentrations of [3H]αNPG. The maximal number of binding sites (Bmax)
and the apparent sugar binding constant (KD) were calculated graphically from
Scatchard plots of the data. C) Comparison of average peak currents obtained in the
electrophysiological experiments with G117C and c-less MelB. Peak currents were
recorded after a melibiose concentration jump (50 mM) in the presence of Na+
(20 mM). Error bars represent standard deviation (n=5).
Fig. 2. Reconstructed transporter currents of G117C and c-less MelB using different
solution exchange protocols. Transient currents were measured using SSM-based
electrophysiology and the transporter currents reconstructed as described (see
Materials and methods and references therein). Na+ concentration jump in the
absence (ΔNa) or presence of melibiose (ΔNa(mel)), melibiose concentration jump in
the absence (Δmel) or presence of NaCl (Δmel(Na)) and simultaneous concentration
jump of both co-substrates (ΔmelΔNa). The activating solutions contained 50 mM
melibiose and/or 20 mM NaCl and the non-activating ones 50 mM glucose and 20 mM
KCl. All solutions were prepared in 0.1 M KPi (pH 7). A comparison of typical transient
currents obtained with c-less (red) and G117C MelB (black) proteoliposomes.
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stationary transport activity of the protein [3]. After reconstruction of
the pump currents the signals (Fig. 2) show a transient component
with a monoexponential decay followed by a stationary phase.
The decay time course of the transient electrical currents recorded
for the G117C mutant was similar to that recorded for the c-less MelB
[7] with a time constant of 20–30 ms. On the other hand, the relative
amplitudes of the binding phase were much smaller in the mutant
than the corresponding relative amplitudes in c-less MelB, the most
drastic example being that of the ΔNa signal whose transientcomponent has an amplitude of only 15% compared to that recorded
for c-less MelB (Fig. 2).
The cooperative effect of the co-substrates, previously found for
the wild-type and c-less MelB [7,48], is present in the G117C mutant
as well. It consists in the enhancement of the binding of one of the co-
substrates when the other is present too and this is also reﬂected in
the size of the peak currents (Fig. 2). Thus, the Δmel(Na) peak current
is larger than Δmel peak current and the same effect is found for ΔNa
(mel) peak current, which is signiﬁcantly larger than the ΔNa peak
current.
Fig. 3. Effect of SH-reagents on the transport of G117C MelB in RSO membrane vesicles.
[3H] melibiose transport in G117C RSO membrane vesicles was assayed as described in
the legend of Fig. 1. The different SH-reagents were added 30 min prior to the transport
measurement. The concentrations of SH-reagents used were: 0.2 mM (NEM), 0.2 mM
(pCMBS), 1 mM (MTSEA+), or 10 mM (MTSES−).
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From the peak current dependencies on the co-substrates
concentration (not shown), the half-saturation concentrations of
melibiose in the absence and in the presence of Na+ and for Na+ in
the absence and in the presence of melibiose were determined by
means of hyperbolic ﬁts with a Michaelis–Menten equation (Ip=
Ipmax c / (c+K0.5); c = substrate concentration, K0.5 = half saturation
concentration). The calculated apparent binding constants for co-
substrates are comparable with those for c-less MelB (Table 1). From
the table it can be also seen that both in G117C and c-less MelB the
apparent binding constants for melibiose are somewhat lower than
in wt MelB (Table 1).
3.5. Effect of SH-reagents
SH reagents may be used to study the accessibility of a cysteine
[25,49,50]. Four SH reagents have been used to test the accessibility of
residue 117 from the periplasmic or cytoplasmic side of the
membrane. The small, positively charged MTSEA+ is highly water
soluble and membrane impermeant; PCMBS, a hydrophilic, mem-
brane impermeable compound [51] can be used to identify cysteines
that are in a hydrophilic environment [26]. NEM is a membrane
permeant SH reagent, hence it has access to cysteines on both sides of
the membrane. Initial characterization of the effect of SH reagents on
G117C function was performed by adding the reagent to RSO
membrane vesicles 30 min prior to the start of the uptake measure-
ment and studying the melibiose accumulation (Fig. 3). 10 mM
MTSES− and 0.2 mMNEM reduced the level of melibiose accumulated
after 10 min by 50 and 30%, respectively. In contrast, 0.2 mM PCMBS
and 1 mM MTSEA+ inhibited the transport almost immediately. As a
control we added the SH reagents to the c-less permease at the same
concentrations as in the case of G117C MelB and studied the effect on
the transport (data not shown). Whereas 0.2 mM NEM or 10 mM
MTSES− addition to the c-less mutant did not have any effect on the
transport level, 1 mMMTSEA+ only reduced the level by less than 5%
[29].
3.6. MTSEA+, PCMBS and NEM effect on the electrical signals of G117C
MelB
A 30 min incubation of the protein with 2.5 mM of the positively
charged SH reagent MTSEA+ led to drastic changes in the electrical
signals generated by co-substrates concentration jumps (Fig. 4). The
peak currents, were all signiﬁcantly reduced and the transport
component disappeared completely (Fig. 4C).
After 30 min incubation of the G117C protein with 0.2 mM PCMBS
the peak currents were reduced (Fig. 4B) in all the cases except for the
ΔNa experiment and the transport component disappeared. This
suggests that Na+ binding is still possible after alkylation with PCMBS
but transport is abolished. After the addition of 2 mM of the
membrane permeable SH reagent NEM both the peak currents andTable 1
Apparent binding constants for the MelB substrates Na+ and melibiose: K0.5(Na+) and
K0.5(mel).
Apparent binding constants [mM] wt c-less G117C
K0.5(Na+) Without melibiose 2.1 2.9±0.8 3.8±0.7
In the presence of 50 mM melibiose 0.6 1.0±0.1 2±0.5
K0.5(mel) Without Na+ 22 50.4±1.8 32±3.2
In the presence of 20 mM sodium 3 4.5±1.2 9.5±1.6
Transient currents were recorded at different substrate concentrations as described in the
text. Peak currents were analyzed using a hyperbolic ﬁt and apparent binding constants
determined from the measured half saturation concentrations. The apparent binding
constants for wt and c-less MelB were taken from previously published work [3,7].the transport activity were reduced (Fig. 4C), but to a smaller extent
than with the other two SH reagents.
As a control for the electrical signals, we added MTSEA+, MTSES−,
NEM and PCMBS to the c-less transporter at the same concentrations
as to G117C MelB and recorded transient currents. The ﬁrst three SH
reagents had no inﬂuence on the size of the currents or the shape of
the signals (data not shown). In contrast, PCMBS reduced the peak
current by ca. 60% (Δmel signal) and 40% (all other signals), but did
not inhibit the transport component (not shown).
3.7. Fluorescence spectroscopic analysis of G117C MelB
The conformational changes were monitored on puriﬁed G117C or
c-less permeases in proteoliposomes using FRET and Trp-ﬂuorescence
spectroscopy. Since all ﬂuorescence measurements of the respective
permease were made in the same spectrometer and using the same
sample, the results could be normalized to the Trp-ﬂuorescence
intensity at 340 nm measured before addition of substrates. This
procedure accounted for different protein content in c-less and G117C
proteoliposomes.
First the permease was analyzed by FRET spectroscopy using the
α-galactoside ﬂuorescent sugar analog Dns2-S-Gal as a reporter [4].
The FRET signal was recorded before and after the addition of 20 mM
NaCl and the speciﬁc Na+-dependent FRET signals were calculated by
subtracting the spectra. For better comparison, FRET intensity was
corrected for different Dns2-S-Gal binding of G117C MelB. Here it was
assumed that the KD of Dns2-S-Gal binding to G117C MelB is ~4 times
higher than that of c-less as it is the case for [3H]αNPG (see Fig. 1B).
Using a hyperbolic concentration dependence of Dns2-S-Gal binding,
a KD of c-less of 1.3 μM [4] and of G117C MelB of 5.2 μM, a correction
factor of 1.3 was deduced and used to correct the FRET intensity signal
of G117C MelB.
G117C MelB retained only a very small Na+-dependent FRET
signal (Fig. 5A) in contrast to the large increase in the corresponding
signal obtained in the c-less MelB [7]. This means that in the mutant
Na+ ions did not induce a strong cooperative modiﬁcation of the
sugar binding site structure as it does in the c-less transporter.
Insights into co-substrate-induced structural changes of MelB can
be also obtained from Trp-ﬂuorescence spectroscopy, as described [5].
First the emission spectrumwas recorded in the absence of substrates.
Then 10 mM Na+ and 30 mMmelibiose were successively added and
the effects on the ﬂuorescence spectra monitored.
In wild-type melibiose permease, the addition of Na+ results in a
quenching of the ﬂuorescence signal, and an increase of the signal upon
subsequent sugar addition [5]. The c-less mutant of MelB showed the
same changes of the ﬂuorescence signal as thewild-type indicating that
Fig. 4. Effect of SH-reagents on the electrical signals of G117C MelB. SH-reagents were
tested by incubating the proteoliposomes for 30 min with either 2.5 mM MTSEA+ (A)
or 0.2 mM PCMBS (B), respectively. Transient currents were then measured using
different solution exchange protocols as in Fig. 2. A) Peak currents in the absence and in
the presence of 2.5 mM MTSEA+. The currents were normalized to the Na signal of the
non-inhibited G117C MelB. B) Peak currents in the absence and in the presence of
0.2 mM PCMBS. Normalization as in A. C) The effect of SH reagents on the transport
component of the current ΔmelΔNa. The currents were normalized to their respective
peak values. The proteoliposomes were incubated with 2.5 mM MTSEA+, 0.2 mM
PCMBS or 2 mM NEM as described above.
Fig. 5. Na+ dependent FRET and Trp-ﬂuorescence of G117 and c-less MelB in
proteoliposomes. Experiments were carried out using G117C or c-less MelB
proteoliposomes (20 μg protein/ml) initially equilibrated in 0.1 M KPi buffer (pH 7).
To account for different protein content in c-less and G117C proteoliposomes, spectra
were normalized to the Trp-ﬂuorescence intensity at 340 nmmeasured before addition
of substrates (see Results). For Trp-ﬂuorescence original recording units (left axis) and
normalized units (right axis) are given. A) Na+ dependent FRET signal. Samples
incubated in the presence of the ﬂuorescence sugar analog Dns2-S-Gal (10 μM) were
excited (λex 297±5 nm) and the FRET signal was recorded. Spectra (triplicates) were
recorded before and after addition of 20 mM NaCl and their difference was used to
obtain the curves illustrated. Note that the normalized ﬂuorescence intensity units
given in the ﬁgure result from the normalization procedure described above. For better
comparison G117C MelB ﬂuorescence was corrected (red line, G117C corrected) for
lower Dns2-S-Gal afﬁnity of G117C MelB (see Results) B, C) Na+ dependent Trp-
ﬂuorescence signals (λex 297±5 nm). Trp-ﬂuorescence spectra (triplicates) were
recorded before (green line) and after successive addition of NaCl (20 mM, red line)
and then of melibiose (20 mM, blue line).
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Fig. 5B). In contrast, neither the addition of Na+ nor of melibiose
resulted in signiﬁcant ﬂuorescence changes in G117C MelB indicating
that conformational changes similar to those found for c-less orwtMelB
both after Na+ and after melibiose binding are absent (Fig. 5C).
Overall, both ﬂuorescence spectroscopic analyses of G117C MelB
consistently show that the conformational properties of MelB are
strongly impaired following the mutation of residue G117 in helix IV
of the transporter.4. Discussion
Simple bacterial sugar transporters like the lactose permease and
the melibiose permease are believed to function according to an
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brought about by sequential opening of the transporter binding site to
the periplasm and the cytoplasm. A minimal mechanistic model,
therefore, consists of two basic conformations: an outside-open
conformation which allows access to the binding site from the
periplasm and an inside-open conformation with access from the
cytoplasm. But many questions are still open like: which is the initial
conformation before binding of the substrates, how does the
interconversion between these states take place and are there
additional intermediates involved? For the lactose permease a two-
domain rigid-body tilting mechanism has been proposed to describe
the conversion from the inside-open to the outside-open conforma-
tion [52–55]. Whether this concept is also applicable to MelB is an
open question.
In previous studies a sugar induced electrogenic conformational
transition with a rate constant of ~250 s−1 early in the reaction cycle
of MelB has been identiﬁed [45,48]. This conformational change is
believed to be essential for transport because mutations in loop 4–5
which abolish the conformational change also suppress the transport
activity of the permease [7]. The MelB variant G117C studied in this
report shows an interesting phenotype: the sugar induced electro-
genic conformational transition seems to be absent while the mutant
is still able to catalyze transport at a comparable level as wt and c-less
MelB. In the following we will present a kinetic interpretation of the
G117C functional data which resolves this apparent contradiction.
4.1. Glycine 117 is located in a cytoplasmic hydrophilic channel close to
the substrate binding sites
The transporter investigated in this study carries a mutation at
position 117 (Gly→Cys). This is in immediate vicinity of the Na+
[7,28,29] and melibiose binding sites [15] and close to the hinge
region of the two-domain tilting mechanism [15]. Fig. 6 shows the
position of Cys117 based on a 3D structural model of MelB [15] and
demonstrates the proximity of this residue to the substrate binding
sites, especially the Na+ binding site. This mutation is, therefore,
expected to critically inﬂuence substrate binding and the conforma-
tional transition involved in substrate transport.Fig. 6. A model for G117C MelB based on the homology model of wt MelB [15]. Only
helices II, IV and V are shown together with melibiose and Na+. The sugar and the
cation were modeled in the model as described in the text. Cys117 (C117) is located in
the hinge region of helix IV and close to the Na+ and sugar binding sites. Also the
residues involved in sugar, Arg149 (R149) and Ser153 (S153), and cation binding,
Asp55 (D55) and Asp59 (D59), are shown in helices II and V.Effective labeling of Cys117 in the mutant by the water soluble SH-
reagents PCMBS, MTSEA+ and MTSES− in the transport measure-
ments performed with RSO vesicles as well as in the electrical
experiments performedwith ISO (inside-out) proteoliposomes shows
that the cysteine is readily accessible from both, the cytoplasmic and
the periplasmic sides of the protein. These experiments demonstrate
that a hydrophilic pathway leading to Cys117 is available in G117C
MelB and that access is possible from both sides of the protein. It
seems plausible to assume that the same is true for Gly117 in the wt
transporter.
4.2. The replacement of Gly117 by a Cys affects the conformational
equilibrium of the transporter
The overall transport properties of G117C MelB are surprisingly
similar to the c-less transporter. Replacement of Gly117 by a Cys has
only a moderate effect on the substrate binding constants, the
cooperative behavior and the overall transport activity of the
transporter (Table 1). On the other hand it changes drastically the
pre steady-state charge displacement of MelB (see Fig. 2) and the
steady state ﬂuorescence properties (Fig. 5). All these experimental
effects are related to the conformational state of the transporter: the
pre steady-state charge displacement is believed to be due to an
electrogenic conformational transition [48], the Trp-ﬂuorescence
changes probably monitors the same reaction and has the same rate
constant of 250 s−1 [45] and the FRET signal reports on a Na+
dependent cooperative modiﬁcation of the sugar binding site
structure [4]. Since the pre steady-state charge displacements and
the substrate induced ﬂuorescence changes are absent in G117C MelB
it could be argued that in this mutant the conformational transition
responsible for these effects is not taking place. This is a problem since
these conformational transitions are believed to be an essential part of
the reaction mechanism. We, therefore, favor an alternative interpre-
tation, namely that the transporter in the absence of substrate is
already in a conformational state similar to that of the steady-state
after substrate addition. This argument is substantiated in the
following.
A simpliﬁed kinetic model for MelB is shown in Fig. 7. It describes
the reverse transport mode as probed in our experiments with ISO
proteoliposomes. In the absence of substrates the transporter is
assumed to be in a rapid dynamic equilibrium Cin↼⇀Cout described by
the equilibrium constant K. Cytoplasmic substrate binding (substrate
S stands for melibiose and Na+) leads to a rapid (250 s−1)
electrogenic conformational transition Cin→SCout which displaces
the substrate to the periplasmic side of the transporter. The following
rate limiting (10 s−1) reaction SCout→Cout is also assumed to be
electrogenic and releases the substrate to the periplasmic side.
Transport mechanism and rate constants have been chosen for
quantitative compatibility with known properties of the MelB
reaction cycle [48]. (Note, that in the absence of Na+ MelB also
supports H+ dependent transport. Cin and Cout may, therefore, be
partially protonated which has been neglected in the model.)
An essential feature of the model is the dynamic equilibrium
Cin↼⇀Cout which controls the initial conﬁguration of the transporter
without affecting the overall transport rate to a large extent. It is,
therefore, well suited to point out exemplarily the different kinetic
properties of wt and G117C MelB. Using different values for the
equilibrium constant K the two cases can be realized: With K=100
the transporter initially is predominantly in the inside-open confor-
mation Cin representing wt MelB while with K=0.15 it is mostly in
conformation Cout representing G117C MelB. The currents have been
calculated by numerically solving the differential equations describing
the kinetic model (see Supplementary Information) and are shown in
the second panel of Fig. 7. To approximate the experiments, the
limited rise time (~15 ms) of the substrate concentration at the
surface of the SSM was taken into account using a convolution
Fig. 7. Kinetic model for wt and G117CMelB. The inside- and outside-open carrier in the
absence of substrates is assumed to be in a dynamic equilibrium described by the
equilibrium constant K=Cin/Cout. Substrate S binds and is released in electrogenic
reactions (red arrows) with rate constants k1 and k2. Charge displacement is the same
in the binding and release reactions. Lower panels show simulated transient currents
and ﬂuorescence change after sugar addition for K=100 (wt MelB) and K=0.15
(G117C MelB). The rate constants are k1=250 s−1 and k2=10 s−1. For the currents a
time course of the solution exchange of 15 ms was taken into account. See text for
further details.
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experimental Δmel(Na) current traces in Fig. 2. In the mutant the
transient component is strongly reduced and its relaxation into the
steady state is slower while the steady state current is hardly affected.
The model can be also used to calculate the ﬂuorescent response
after substrate addition to wt and mutant MelB (Fig. 7 lower panel).
Here we assume that the inside- (Cin) and outside-open conforma-
tions (Cout and SCout) have different ﬂuorescence intensity. In contrast
to wt, G117C MelB shows only a very small response to substrate
addition which is in agreement with the experimentally observed
absence of the ﬂuorescence change (Fig. 5).
Information about the conformation of MelB in the absence and
presence of substrates is scarce. The low resolution cryo-electron
microscopic structure of MelB obtained in the presence of substrates
was suggested to be open to the cytoplasmic side [14]. Also the crystal
structure of wt lactose permease LacY in the presence of substrate is
open to the cytoplasm [45] but sugar binding seems to induce an
outward-open conformation [54]. We, therefore, propose a similar
scenario for wt MelB: the transporter initially is in an inside-open
conformation in agreement with the kinetic model of Fig. 7. Since
MelB is ISO oriented in the proteoliposomes [7] the access to the
binding sites is open from the medium outside the proteoliposomes.
This allows rapid binding of the substrates and triggers a conforma-
tional transition with a rate constant of ~250 s−1 leading to charge
displacement [45,48] and ﬂuorescence change [4,5]. The steady-state
conformation reached via this reaction could be an occluded state [48]
or an outside-open form as proposed for simplicity in the kineticmodel of Fig. 7. Only after removal of substrates the protein slowly
(~10 s−1) returns to the inside-open conformation.
For G117C MelB a predominantly outside-open initial conforma-
tion is proposed. Its structure could be similar to the recently solved
crystal structure of the fucose transporter FucP [56], a member of the
related MFS family. Indeed, the conformational effect of the mutation
of G117 is not unexpected since Glycine residues have been suggested
to act as notches and mediate helix–helix interactions [57]. In wild
type MelB G117 may have a double function: allowing a close
proximity of helices IV and II to form a hinge and its backbone
carbonyl oxygen providing a ligand for Na+ [15]. In the G117Cmutant
the carbonyl is still available to coordinate Na+ (Fig. 6) which is
reﬂected by the virtually unchanged apparent binding constants for
Na+, but the bulkier side chain of the cysteine poises the dynamic
equilibrium in the absence of substrates towards an outside-open
conformation.
The kinetic model of Fig. 7 predicts correctly all the experimental
observations with the mutant: a wt-like overall transport activity, the
reduction of the transient current components and the absence of
ﬂuorescence changes. Interestingly, the replacement of the glycine at
position 117 by a cysteine does not affect the overall transport activity
of the transporter. This indicates that the overall structure is
conserved in the mutant and that the subtle modiﬁcation introduced
by the cysteine can only take effect because of the labile nature of the
dynamic equilibrium. Thermodynamically, a labile dynamic equilib-
rium is characterized by a low barrier (activation energy) and can be
shifted by a small disturbance. At the same time a labile dynamic
equilibrium provides a straightforward explanation for the fact that
water soluble SH-reagents can reach the active site from both faces of
the protein.
The lesson learned from G117C MelB may also shed light on the
transport mechanism of the wt permease. On the basis of the data
presented in this report wewould like to suggest that a rapid dynamic
equilibrium is a general mechanistic principle of transporters. One
could envision rapid ﬂuctuations between inside- and outside open
conformations for the unloaded (Cin↼⇀Cout) as well as for the
substrate loaded transporter (SCin↼⇀SCout). On this inherently
symmetrical functional principle asymmetry is imposed by providing
the co-substrate Na+ only on one side of the membrane. This would
enable substrate binding only on one side and would make the
dynamic equilibrium of the substrate loaded transporter virtually
irreversible leading to unidirectional substrate transport.
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